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(57) ABSTRACT

A method of determining a commanded friction brake torque
1s disclosed. The method uses inputs, such as from a
gearshift sensor, an accelerator pedal sensor, a brake pedal
sensor, and engine torque output sensor, a transmission
speed 1input sensor and a transmission speed output sensor,
to determine how much engine braking or regenerative
braking 1s occurring. The method then uses this information
combined with the braking command information from the
brake pedal sensor to determine the amount of friction
braking to apply to the friction brakes.
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METHOD OF DETERMINING A
COMMANDED FRICTION BRAKE TORQUE

INTRODUCTION

This disclosure relates to methods of determining trans-
mission output torque.

In the control of transmissions for automotive or other
applications, various sensors and methodologies are used to
sense or estimate a transmission’s operating parameters.
These parameters may include various temperatures, flud
levels, fluid pressures, speeds, accelerations and torques.
Some of these parameters may be sensed directly by sensors
or mstruments, while others may be diflicult to sense or
measure directly and thus may be determined indirectly by
various estimation approaches.

In both hybrid and non-hybrid automotive applications,
blended braking and various other approaches may be used
to achieve smoother output torque profiles and shift quality.
These approaches attempt to monitor and control the torques
being commanded and produced by the propulsion and
braking systems (e.g., by the engine, electric motors, tly-
wheels, batteries, transmission, other driveline components,
friction braking system and/or regenerative braking motor-
generator system). Therefore, 1n situations where 1t may be
dificult to directly sense a transmission operating parameter
such as transmission output torque, 1t 1s useful to be able to
determine such a parameter from other available parameters.

SUMMARY

According to one embodiment, a method of controlling a
transmission includes: determining a transmission kinematic
state based on a commanded transmission gear range, a
transmission mnput speed, and a transmission output speed;
determining a transmission mput torque; determining a first
rotational acceleration of a first portion of the transmission
rotationally disposed at a first reference point 1n the trans-
mission; determining a second rotational acceleration of a
second portion of the transmission rotationally disposed at a
second reference point in the transmission; and determining
a transmission output torque as a sum ol a gear ratio of the
commanded transmission gear range multiplied by the trans-
mission 1nput torque, a first aggregate 1nertia multiplied by
the first rotational acceleration, and a second aggregate
inertia multiplied by the second rotational acceleration,
wherein the first and second aggregate 1nertias are based on
the transmission kinematic state. The method may also be
configured for operation during closed throttle downshiits.

The transmission kinematic state may be one of a first
gear state having a {irst gear ratio, a second gear state having
a second gear ratio lower than the first gear ratio, and an
intermediate state during which the transmission transitions
from the first gear state to the second gear state.

The transmission may be configured for use 1n a vehicle
having a powertlow including a series of powerflow mem-
bers including a torque converter turbine, a transmission
input shaft, a plurality of rotating transmission components
including at least one shifting clutch, a transmission output
shaft, a differential, at least one axle, at least one driven
wheel and, 11 the transmission 1s configured for longitudinal
use 1n the vehicle, a drive shaft. The powertlow defines a
downstream direction from the transmission mput shait to
the transmission output shaft, and an upstream direction
from the transmission output shait to the transmission nput
shaft. Each of the powerflow members has a respective
rotational 1nertia, a respective first conversion gear ratio with
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respect to the first reference point, a respective second
conversion gear ratio with respect to the second reference
point, a respective lirst converted rotational inertia being the
respective rotational inertial multiplied by the respective
first conversion gear ratio, and a respective second converted
rotational 1nertia being the respective rotational 1nertial
multiplied by the respective second conversion gear ratio.

In each of the first and second gear states, the first
aggregate 1nertia 1s a sum of the respective first converted
rotational 1nertias of all of the powertrain members when the
second aggregate nertia 1s zero, and the second aggregate
inertia 1s a sum of the respective second converted rotational
inertias of all of the powertrain members when the first
aggregate 1ertia 1s zero. In the intermediate gear state, the
first aggregate 1nertia 1s a sum of the respective first con-
verted rotational 1nertias of the powertrain members
upstream of the at least one shifting clutch, and the second
aggregate mertia 1s a sum of the respective second converted
rotational 1nertias of the powertrain members downstream of
the at least one shifting clutch.

The first reference point may be one of a torque converter
turbine and a transmission nput shaft, and the second
reference point may be a transmission output shaft. The
method may further include determining a differential ratio,
determining an axle rotational inertia, determining an axle
acceleration, and determining an axle output torque as a sum
of the differential ratio multiplied by the transmission output
torque and the axle rotational inertia multiplied by the axle
acceleration. The method may additionally include deter-
mining a desired coast torque, and determining a propulsion
system torque as a diflerence between the axle output torque
and the desired coast torque. The method may also include
determining a desired total brake torque, and determining a
commanded friction brake torque as a difference between
the desired total brake torque and the propulsion system
torque. The method may further include providing a signal
for actuation of a friction braking system, wherein the signal
corresponds to the commanded iriction brake torque. The
method may also be configured for operation during blended
braking.

According to one embodiment, a method of determining
a transmission output torque Tour for a transmission
includes: determining a transmission kinematic state based
on a commanded transmission gear range, a transmission
mput speed N,., and a transmission output speed N,/
wherein the transmission kinematic state 1s one of a first gear
state having a first gear ratio, a second gear state having a
second gear ratio lower than the first gear ratio, and an
intermediate state during which the transmission transitions
from the first gear state to the second gear state; determining
a transmission input torque T,,; determining a first accel-
eration Ndot, at a first reference point 1n the transmission;
determining a second acceleration Ndot, at a second refer-
ence point 1 the transmission; and determining the trans-
mission output torque T, as A(T ,)+B(Ndot, )+C(Ndot,),
wherein A 1s a gear ratio of the commanded transmission
gear range, and B and C are aggregate inertias based on the
transmission kinematic state.

According to one embodiment, a method of determining
a transmission output torque Tour for a transmission
includes: determining a transmission kinematic state based
on a commanded transmission gear range, a transmission
input speed N,,, and a transmission output speed N,
wherein the transmission kinematic state 1s one of a first gear
state having a first gear ratio, a second gear state having a
second gear ratio lower than the first gear ratio, and an
intermediate state during which the transmission transitions
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from the first gear state to the second gear state; determining
a transmission input torque T,,; determining a first accel-
cration Ndot, at a first reference point 1n the transmission;
determining a second acceleration Ndot, at a second refer-
ence point 1n the transmission different from the first refer-
ence point; determining a third acceleration Ndot, at a third
reference point in the transmission different from each of the
first and second reference points; and determining the trans-
mission output torque T ,,as A(T . )+B(Ndot, )+C(Ndot, )+
D(Ndot,), wherein A 1s a gear ratio of the commanded gear
range, and B, C and D are aggregate inertias based on the
transmission kinematic state.

Each of the powerflow members has a respective rota-
tional 1nertia, a respective first conversion gear ratio with
respect to the first reference point, a respective second
conversion gear ratio with respect to the second reference
point, a respective third conversion gear ratio with respect to
the third reference point, a respective first converted rota-
tional inertia being the respective rotational inertial multi-
plied by the respective first conversion gear ratio, a respec-
tive second converted rotational inertia being the respective
rotational 1nertial multiplied by the respective second con-
version gear ratio, and a respective third converted rotational
inertia being the respective rotational nertial multiplied by
the respective third conversion gear ratio.

In the itermediate gear state, B may be a sum of the
respective first converted rotational inertias of the pow-
ertrain members upstream of the at least one shifting clutch,
C may be a sum of the respective second converted rota-
tional 1nertias of the powertrain members downstream of the
at least one shifting clutch, and D may be equal to zero. In
cach of the first and second gear states, D may be a sum of
the respective third converted rotational 1nertias of all of the
powertrain members, and B and C may each be equal to
ZEro.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a portion of an exemplary
vehicle configured to execute a control method 1 accor-
dance with the disclosure.

FIG. 2 graphically shows an example of the gear state,
turbine speed and turbine acceleration of a transmission in
accordance with the disclosure.

FI1G. 3 1s a schematic view of a powertlow during first and
second (fixed) gear states 1n accordance with the disclosure.

FIG. 4 1s a schematic view of a powertlow during an
intermediate (1nertia phase) state in accordance with the
disclosure.

FIG. 5 1s a flowchart of a method of determining a
transmission output torque in accordance with the disclo-
sure.

FIG. 6 1s a schematic of a control architecture for a
method 1n accordance with the disclosure.

DETAILED DESCRIPTION

Referring now to the drawings, wherein like numerals
indicate like parts in the several views, a method 200 of
determining a transmission output torque T, for a trans-
mission 12 1s shown and described herein.

FIG. 1 shows a schematic view of an exemplary vehicle
90 1n accordance with the present disclosure. The vehicle 90
has a powertrain system 10 which includes a transmission 12
and various other powertrain subsystems and components
13, such as an engine, electric motors, battery, regenerative
braking systems, torque converter, torque converter clutch
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(TCC), etc. The transmission 12 may include a step-gear
transmission, a dual-clutch transmission or a manual trans-
mission, and the powertrain system 10 may be a hybnd
propulsion system or a non-hybrid propulsion system. The
various components 13 of the powertrain system 10 may be
operatively interconnected with each other and with the
transmission 12. The vehicle 90 also includes a {friction
braking system 16 (e.g., a brake-by-wire system).

The transmission 12 has an output 14 operatively con-
nected to the drive wheels 28 of the vehicle 90 and option-
ally to the brakes 26 of the drive wheels 28. (Although not
shown 1n the diagram, the output 14 may also be operatively
connected to the other wheels 30 which would otherwise be
non-driven wheels 30 11 the output 14 were not operatively
connected thereto. In hybnd or partially electrified vehicles
90, the brakes 26 may also include motor-generators which
may be used for traction and regenerative braking.) The
output 14 may be an 1tem of hardware such as a drive shatft,
or a signal which enables the wheels 28 (and optionally
wheels 30) to be driven by the transmission 12 and/or some
portion 13 of the powertrain system 10.

The powertrain system 10 receives an acceleration torque
request 34 from an accelerator pedal 32 which 1s operated by
a human operator. Optionally, the powertrain system 10 may
also recerve a brake pedal torque request 20 from a brake
pedal 18 which 1s also operated by a human operator. The
brake pedal torque request 20 1s received by a braking
module 22, such as an electronic braking control module
(EBCM), which sends a friction braking torque command 24
to the friction brakes 26 of the drive wheels 28 and option-
ally to the friction brakes 26 of the non-driven wheels 30 as
well. One or more components of the friction braking system
16, such as the braking module 22, may have a connection
or interface 36 with the powertrain system 10. This connec-
tion 36 may be a one-way connection or a two-way con-
nection between the braking system 16 and the powertrain
system 10, and may take the form of hardware, software or
some combination thereof. The connection 36 may interface
with one or more portions of the powertrain system 10, such
as the transmission 12 and/or other components 13 such as
the engine, torque converter, TCC, etc., including one or
more electronic control modules for these portions 12, 13 of
the powertrain system 10.

During operation, the transmission 12 may progress
through multiple gears and various modes or states. One
such mode 1s “closed throttle downshifting” or “coasting”,
in which the human operator i1s not depressing the accelera-
tor pedal 32 and the vehicle 90 1s slowing down. In this
coasting mode, the transmission 12 may downshiit; for
example, from 67 gear to 57 gear, then 5” gear to 4” gear,
and so on. FIG. 2 shows a graphic representation of the gear
state 160, turbine speed 162 and turbine acceleration 164 for
an exemplary downshift from 4”7 gear to 3’ gear. The
horizontal axis 166 represents time and the vertical axis 168
represents the setting of the gear state 160 and the magni-
tudes of the turbine speed 162 and the turbine acceleration
164. Also shown in dotted lines are profiles for a desired or
targeted turbine speed 172 and turbine acceleration 174.
(These profiles may be “desired” or “targeted” because of
one or more optimization algorithms, shift control schemes,
etc.) Dotted line 176 represents the turbine speed of the
attained or current gear (in this example, 4” gear) and dotted
line 178 represents the turbine speed of the commanded gear
(here, 3" gear). Reference numerals I, 11, 111, and IV repre-
sent four sequential time segments delineated by times 180,
182, and 184 as shown. At time 180, a command 1s 1ssued
to change the gear state 160 from 4”7 gear to 3™ gear.
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However, due to the time required for certain kinematic
events (e.g., the engagement and release of clutches and
brakes 1n the transmission 12, the spin-up of the torque
converter turbine 52, etc.), the change 1n gear state 160
requested at time 180 might not occur immediately, and may
take until time 184 belore the downshiit to the next lower
gear 1s completed. During this period from time 180 to time
184, an offgoing clutch 64 begins to slip at time 182, noted
by the changes in turbine speed 162, 172 and turbine
acceleratlon 164, 174 at that time 182. Then, from 182 to
184, the ofigoing clutch 64 continues to slip while an
oncoming clutch 66 begins to engage, and by time 184 the
offgoing clutch 64 has fully dlsengaged and the oncoming
clutch 66 has fully engaged. This 1s retlected 1n dotted line
170, which represents the kinematic state of the transmission
12 as assumed by one or more controllers or control routines
associated with the transmission 12. The dotted line 170
from time 180 to time 182 (i.e., time segment 1) represents
what 1s known as the “torque phase” of the shift, and the
dotted line 170 from time 182 to time 184 (i.¢., time segment
IT) represents the “inertia phase” of the shift. In the torque
phase (time segment 1), the oncoming clutch 66 begins to
have clutch capacity but the offgoing clutch 64 has not
begun to slip yet, so during this phase both clutches 64, 66
carry torque. However, this phase 1s not easily observable
and the torque-carrying characteristics of the transmission
12 during this phase are very similar to the characteristics
prior to time 180 (i.e., time segment 1V), so most control
models approximate this torque phase to be the same kine-
matic state as the phase before time 180. (Hence the hori-
zontal dotted line 170 between time 180 and time 182, which
1s at the same horizontal level as the solid line 160 prior to
time 180.) The dotted line 170 between time 182 and time
184 (time segment II) shows a rise in level beginning at time
182; this represents that the transmission 12 has entered 1nto
a different kinematic state during this time, which 1s the
alorementioned inertia phase. Then at time 184, the dotted
line 170 falls to the same level as the solid line 160,
indicating that the downshift from 4” gear to 3" gear has
been completed and the transmission kinematic state 1s that
of being fully 1n 3rd gear (1.., time segment III).

Thus, a first gear state 186 1s defined by the time or
transmission state/phase leading up to time 182, a second
gear state 190 1s defined by the time or transmission state/
phase after time 190, and an intermediate state 188 1s defined
by the time or transmission state/phase between times 182
and 184 (i.e., between the first gear state 186 and the second
gear state 190). In the present example, the first gear state
186 would be 4” gear, the second gear state 190 would be
3" gear, and the intermediate state 188 would be the phase
during which the transmission transitions (in this case,
downshifts) from 47 gear to 3% gear. The first and second
gear states 186, 190 may be referred to as “fixed gear” states
or phases, and the intermediate state 188 may be referred to
as an “inertia” state or phase.

FIG. 3 shows a schematic illustration of the first and
second gear states 186, 190 which are also fixed gear states.
A powertlow 40 1s shown which includes several compo-
nents or systems “lumped” or “aggregated” together in
groups for the purpose of grouping their rotational inertias.
(These lumped groupings can represent the components or
systems themselves, and/or they can represent the collective
rotational 1nertias of the components or systems.) Group 44
(the “engine group”) represents the inertias of the engine,
accessory drive, valve train, flexplate and any other com-
ponents upstream of the torque converter 50. (Note that
arrows 72 and 74 represent “downstream” and “upstream”
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powertlow directions, respectively. The tlow or sequence of
components and systems within the powertlow 40 1n a
direction from the transmission mnput shait to the transmis-
sion output shait defines the downstream direction 72, and
the opposite flow or direction from the transmission output
shaft to the transmission input shait defines the upstream
direction 74. The downstream and upstream directions 72,
74 may also be defined as the directions from the engine to
the wheels and from the wheels to the engine, respectively.)

Engine group 44 1s operatively connected to group 46,
which represents the inertia of the torque converter pump 48.
The torque converter 50 includes a pump 48 connected to the
output of the engine group 44 (e.g., the flexplate), a stator 54,
and a turbine 52 connected to the mput shaft of the trans-
mission 12. A lock-up clutch 56 1s also provided between the
pump 48 and turbine 52; when the pump 48 and turbine 52
are at essentially the same rotational speeds, the lock-up
clutch 56 may be engaged to rigidly lock the pump 48 and
turbine 52 together rotationally. Group 42 represents the
combined inertias (and torques) of the engine group 44 and
torque converter pump 48, which transmit an 1mput torque
through the torque converter 50 and into group 82. This
group 82 represents the combined rotational inertias (and
torques) of the torque converter turbine/mmput shaft 38
(which are permanently and rigidly attached to one another),
the transmission components 80 downstream of the input
shaft and upstream of and including the transmission output
shaft, and the grouping 70 of the drive shait, differential,
axle/half-axles, and driven wheels. (Note that a drive Shaft
would apply to longitudinal configurations of the transmis-
sion 12 1n a vehicle 90, but not to transverse configurations. )
In addition to the mput and output shafts, the transmission
components 80 may include a plurality of rotating transmis-
sion components, such as planetary gearsets, connections
between planetary gearsets, bearings, clutches, brakes and
one-way/freewheel clutches.

In the fixed gear state illustrated in FIG. 3, the elements
within group 82—1.e., the rotating torque converter turbine
58, the rotating transmission components 80 and the rotating
clements of group 70—may be treated as if they are one
rigidly interconnected rotating mass or inertia. However,
that does not mean that the individual elements within group
82 are rotating at the same speed. In fact, the elements within
group 82 will most likely be rotatmg at a variety of different
speeds, depending upon the various gear ratios of their
interconnections. However, since there 1s no appreciable
clutch slippage occurring in the fixed gear phase of the first
and second gear states 186, 190, the elements 1n group 82
may be treated as a single inertia, as viewed from the
perspective of a selected single reference point, with the
inertia of each individual rotating element within group 82
being converted to that single reference point by the appro-
priate gear ratio to a respective converted inertia. (This
process ol taking the rotational mertia of an element posi-
tioned and rotating at one location, and converting it to an
equivalent rotational 1nertia at another location or reference
point by applying appropriate gear ratios, may be referred to
as “reflecting” that inertia to the reference point, or stating
that the inertia of the rotating element has been “reflected”
to the reference point.) The reference point(s) to which the
inertias may be reflected may be any desired location, such
as the turbine/transmission mmput shaft and/or the transmis-
sion output shait. Once these individual respective con-
verted inertias are determined, they can be summed up as a
collective or aggregate 1nertia representative of the entirety
of group 82. This reflection and summation of inertias at one
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or more relerence points makes certain determinations
involving system torques and inertias much easier.

FI1G. 4 shows a schematic illustration of the intermediate
state 188, also referred to as the inertia phase. This power-
flow 40 1s similar to the one for the fixed gear state, 1n that
the 1ertia 58 of the torque converter turbine 52 and input
shaft, and the inertia 70 of the drive shaft, differential,
axle/half-axles and driven wheels, are lumped in the same
way. However, instead of a single grouping 82 of all the
clements downstream from the torque converter 50, here
those eclements are divided into two groupings: those
upstream of the one or more shifting clutches 1n group 76,
and those downstream of the one or more shifting clutches
in group 78. These elements are divided mto two separate
groups 76, 78 because the slippage of the one or more
shifting clutches separates the rigid connection between
these groups 76, 78 that would otherwise be there during the
fixed gear phase. Because of this separation, the two groups
76, 78 tend to rotate as two separate groupings, with all the
clements of group 76 rotating together and all the elements
of group 78 rotating together, such that it becomes much
more diflicult to treat the entire group 82 of eclements as a
single rotational entity. Because of this, for the 1nertia phase
cach group 76, 78 may be reflected to a reference point
independently. For example, 1t may be convenient to retlect
the inertias of all the elements in group 76 to the turbine/
input shatt (i.e., the “mput domain™), and to retlect the
inertias of all the elements in group 78 to the output shaft
(1.e., the “output domain™). However, each group 76, 78 may
be reflected to any desired reference point, and they may
even be retlected to the same reference point.

Whereas the fixed gear phase shown 1n FIG. 3 may group
all the transmission elements downstream of the input shaft
and upstream of and including the output shait as group 80,
the inertia phase shown 1 FIG. 4 may divide those trans-
mission elements mto two smaller groupings: a group 60 of
transmission elements downstream of the input shait and
upstream of the one or more shifting clutches, and a group
68 of transmission elements downstream of the one or more
shifting clutches and upstream of and including the output
shaft. Note that _groups 76 and 78 are separated by a holding
clutch 62, an ofigoing clutch 64 and an oncoming clutch 66.
These elements 62, 64, 66 are for illustration purposes only,
as various transmission configurations may utilize a variety
of different combinations of clutches, brakes, one-way/
freewheel clutches and holding clutches in their shift strat-
egies from one gear state to another. Therefore, the one or
more shifting clutches referred to herein may include what-
ever combination of clutches, brakes, one-way/ifreewheel
clutches and holding clutches are used to switch from one
fixed gear state to another fixed gear state, including power-
on upshifts, power-on downshiits, coasting upshifts and
coasting downshifts.

Utilizing the groupings of inertias for the fixed gear and
inertia phases described above, a method 200 of determining
a transmission output torque T ,, - for a transmission 12 may
be described. As illustrated by the flowchart shown 1n FIG.
5, a method 200 of determining a transmission output torque
T 5,144 for a transmission 12 includes the following steps.
At block 210, a transmission kinematic state 1s determined.
At block 220, a transmission input torque T,,,1s determined.
At block 230, a first rotational acceleration Ndot, of a first
portion of the transmission 12 rotationally disposed at a first
reference point in the transmission 12 1s determined. (For
example, the first portion of the transmission and the first
reference point may be the input shaft, and the first rotational
acceleration Ndot, may be the rotational acceleration of the
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input shaft.) At block 240, a second acceleration Ndot, of a
second portion of the transmission rotationally disposed at a
second reference point 1n the transmission 12 1s determined.
(For example, the second portion of the transmission and the
second reference point may be the output shait, and the
second rotational acceleration Ndot, may be the rotational
acceleration of the output shaft.) And at block 2350, the
transmission output torque T,;,~ 1s determined as A(1 )+
B(Ndot, )+C(Ndot,), where A 1s the gear ratio of the com-
manded transmission gear range, and coeflicients B and C
are aggregate inertias based on the transmission kinematic
state.

The transmission kinematic state describes how all the
components within the transmission 12 are interconnected
for a given state of the transmission 12 or a given phase of
its operation. This includes how torque 1s transferred from
the mput shait, through the planetary gearsets as intercon-
nected by various clutches and brakes, and out via the output
shaft. The transmission kinematic state may be determined
from a commanded transmission gear range (e.g., 3™ gear),
a transmission nput speed N,,, and a transmission output
speed N, The transmission kinematic state may be one of
a first gear state 186 (e.g., 4” gear) having a first gear ratio,
a second gear state 190 (e.g., 3" gear) having a second gear
ratio lower than the first gear ratio, and an intermediate state
188 during which the transmission 12 transitions from the
first gear state 186 to the second gear state 190.

The transmission 12 may be configured for use i a
vehicle 90 having a powerflow 40 including a series of
powertlow members comprising a torque converter turbine
52, a transmission input shait, a plurality of rotating trans-
mission components including at least one shifting clutch, a
transmission output shait, a differential, at least one axle, at
least one driven wheel and, 11 the transmission 1s configured
for longitudinal use in the vehicle, a drive shatt. (Note that
the “powertlow members”, as used herein, includes the
components and systems within group 82 for the fixed gear
phase, and groups 76 and 78 for the mertia phase, but does
not include the elements of group 42. Even though the
components and systems 1n group 42 are clements of the
overall powerflow 40, they are not included within the
definition of ° powerﬂow members” as used herein because
the “powertlow members™ are considered as the elements of
the powertlow 40 that are downstream of and including the
turbine/input shait, into which the input torque T, 1s
applied. The elements of group 42 create the mput torque
T,\, so their iertias do not need to be reflected to any
reference point for purposes of the equations presented
herein.) Each of the powerflow members has a respective
rotational 1nertia, a respective first conversion gear ratio with
respect to the first reference point, a respective second
conversion gear ratio with respect to the second reference
point, a respective first converted rotational inertia being the
respective rotational inertial multiplied by the respective
first conversion gear ratio, and a respective second converted
rotational 1nertia being the respective rotational inertial
multiplied by the respective second conversion gear ratio.

For example, assume the input shaft and output shaft are
selected as the first and second reference points, respec-
tively, the differential 1s selected as an area of focus, and the
transmission is in 4” gear in a fixed gear state. The rotational
inertia of the diflerential may be determined by the formula
[=mr*, where m is the mass of the rotating portion of the
differential and r 1s the radius of rotation for the center of
gravity for the rotating portion. However, to reflect this
rotational inertia of the differential to the iput shait, the
gear ratio between the differential and the input shaft for 47
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gear must be determined (i.e., the {first conversion gear
rat10). This gear ratio can be determined by tracing all the
kinematic elements connected between the differential and
the input shaft when the transmission 12 is in 4” gear, and
accounting for the number of gear teeth at each kinematic
clement connection. This (first conversion) gear ratio can
then be multiplied by the rotational inertia (mr*) to arrive at
the first converted rotational inertia, which 1s the differen-
tial’s rotational inertia retlected to the input shatt. This same
process can be applied to the output shaft to arrive at the
second converted rotational inertia, which 1s the differen-
tial’s rotational inertia reflected to the output shaft. This
process can be applied to every powertlow member, and the
appropriate summations ol reflected inertias made as
described below.

In the transmission output torque equation T ,,,,=A(T »)+
B(Ndot, )+C(Ndot,), coeflicient A 1s the gear ratio of the
commanded transmission gear range. Each of the second
and third terms represents an inertia multiplied by a rota-
tional acceleration, which yields a torque. Note that B and
Ndot, are the aggregate 1nertia and rotational acceleration,
respectively, at the first reference point, and C and Ndot, are
the aggregate inertia and rotational acceleration, respec-
tively, at the second reference point. In each of the first and
second (fixed) gear states 186, 190, coetlicient B 1s a sum of
the respective first converted rotational 1nertias of all of the
powertrain members 82 when C=0, and C 1s a sum of the
respective second converted rotational inertias of all of the
powertrain members 82 when B=0. In other words, since all
the powerflow members in group 82 are considered to be
rigidly connected together without slipping, one reference
point 1s suilicient for reflecting all the powertlow members’
inertias to. Thus, the first reference point may be selected,
with the torque component B(Ndot, ) being determined and
C being set to zero. Or, the second reference point may be
selected, with the torque component C(INdot,) being deter-
mined and B being set to zero. Alternatively, some combi-
nation of the first and second reference points may be
considered, with torque contributions being contributed
from each of the two reference points; in such a case, each
powerflow member would be retlected to one reference
point or the other, but not to both. In the intermediate (1inertia
phase) gear state, B 1s the sum of the respective first
converted rotational 1nertias 76 of the powertrain members
upstream of the at least one shifting clutch, and C 1s the sum
of the respective second converted rotational inertias 78 of
the powertrain members downstream of the at least one
shifting clutch. For example, the turbine/transmission input
shaft and the transmission output shaft may be selected as
the first and second reference points, respectively. In this
example, the inertias of group 82 may be retlected to the
turbine/input shaft, the mnertias of group 76 may be reflected
to the turbine/input shaft, and the inertias of group 78 may
be retlected to the output shaft. For determining Tour during,
the intermediate (inertia phase) state, B would be the sum of
the mertias from group 76 that were converted/reflected to
the turbine/input shaft and C would the sum of the 1nertias
from group 78 that were converted/retlected to the output
shaft. And for determining Tour during the first and second
(fixed) gear states, B would be the sum of the nertias from
group 82 that were converted/reflected to the turbine/input
shaft and C would be zero. Alternatively, if the nertias of
group 82 were instead reflected to the output shait, then for
determining Tour during the first and second (fixed) gear
states, C would be the sum of the 1nertias from group 82 that
were converted/retlected to the output shatt and B would be
Zero.
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In one embodiment, the first acceleration Ndot, may be a
transmission input shaft acceleration Ndot,,, and the second
acceleration Ndot, may be a transmission output shaft accel-
eration Ndot,,+ I, -and 1, ,;~may be defined as sums of
respective input-reflected rotational inertias and output-re-
flected rotational 1nertias, respectively, of the torque con-
verter turbine 52 and the transmission iput shatt (1.e., group
58). I, ,» and I, 5, may be sums ol respective mput-
reflected rotational inertias and output-reflected rotational
inertias, respectively, of the rotating transmission compo-
nents downstream of the transmission input shaft and
upstream of the one or more shifting clutches (1.e., group
60). I, .~ and I, ,, may be sums ol respective mput-
reflected rotational inertias and output-reflected rotational
inertias, respectively, of the rotating transmission compo-
nents downstream of the one or more shifting clutches and
upstream of and including the transmission output shatt (1.e.,
group 68). 1., ~-and 15, 5, may be sums of respective
input-reflected rotational inertias and output-reflected rota-
tional 1nertias, respectively, of the rotating transmission
components downstream of the transmission imput shait and
upstream of and including the transmission output shatt (1.e.,
group 80). And I, ,,,and I; ., may be sums of respective
input-reflected rotational inertias and output-reflected rota-
tional inertias, respectively, of the diflerential, the axle/hali-
axles, the driven wheels and, 1f the transmission 12 1s
configured for longitudinal use 1n the vehicle 90, the drive
shaft. In this configuration, A would be the gear ratio of the
commanded transmission gear range; in each of the first and
second (fixed) gear states 186, 190, B=1, 415 . +ls /-
when C=0, and C=1, ,;7+5,4 ourt+ls oy When B=0; and
in the intermediate (inertia phase) gear state 188, B=1, ,+

Iy pvand C=l, oprtls oo
In one embodiment, the method 200 may optionally

include, at block 2435, determining a third acceleration Ndot,
at a third reference point in the transmission, at a point that
1s different from each of the first and second reference
points. (Note that block 245, and the flow from block 240 to
block 245 to block 250, are shown 1n dashed lines to indicate
that this 1s an optional alternative path.) This option 245 may
be pursued when 1t 1s desired to select two reference points
for use in the determination of T ,,,, for the intermediate
(1nertia phase) state 188, and a different third reference point
for use 1n the determination of T 5, for the first and second
(lixed gear) states 186, 190. IT this option 245 1s pursued,
then at block 250 the transmission output torque T ;- may
be determined as A(T,,)+B(Ndot,)+C(Ndot,)+D(Ndot,),
wherein A, B, C and D are coeflicients based on the
transmission kinematic state. Each of the powertlow mem-
bers has a respective rotational inertia, a respective first
conversion gear ratio with respect to the first reference point,
a respective second conversion gear ratio with respect to the
second reference point, a respective third conversion gear
ratio with respect to the third reference point, a respective
first converted rotational inertia being the respective rota-
tional inertial multiplied by the respective first conversion
gear ratio, a respective second converted rotational inertia
being the respective rotational inertial multiplied by the
respective second conversion gear ratio, and a respective
third converted rotational 1nertia being the respective rota-
tional 1nertial multiplied by the respective third conversion
gear ratio. Coellicient A would be a gear ratio of the
commanded transmission gear range. In the intermediate
(1nertia phase) gear state 188, B would be the sum of the
respective first converted rotational inertias of the pow-
ertrain members upstream of the at least one shifting clutch,
C would be the sum of the respective second converted
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rotational inertias of the powertrain members downstream of
the at least one shifting clutch, and D would be set to zero.
And 1n each of the first and second (fixed) gear states 186,
190, D would be the sum of the respective third converted
rotational inertias of all of the powertrain members, with B
and C each being set to zero.

FIG. 6 shows a schematic of an exemplary control archi-
tecture 100 for the method 200 of the present disclosure.
Note that while this particular control architecture 100 has a
very specific set of applications, the method 200 of the
present disclosure has many applications beyond this spe-
cific control architecture 100. At block 102, a commanded
transmission shift (e.g., 4” gear to 3’ gear) is determined
and a commanded transmission shiit 108 1s output. At block
104, system speeds are determined, such as the transmission
turbine/input shaft speed N,, 110 and the transmission
output speed N, 112. At block 106, the transmission mput
torque T, 114 1s determined.

At block 116, the brake pedal position 1s determined and
a brake pedal signal 124 1s output. At block 118, the
accelerator pedal position 1s determined and an accelerator
pedal signal 126 1s output. At block 120, the transmission
kinematic state 128 1s determined and output. At block 122,
the turbine/input shait acceleration Ndot,,, 130 and trans-
mission output acceleration Ndot,,,~ 132 are determined
and output. At block 134, the desired total brake torque
I'ror4r sraxe reEovesr 140 1s determined and output. At
block 136, the desired coast torque T 572 o cr 142 18
determined and output. i

At block 138, the transmission kinematic state 128, the
turbine/input shaft acceleration Ndot,,, 130, the transmission
output acceleration Ndot,,;,~ 132 and the transmission 1nput
torque T,,, 114 are received as inputs, the method 200 of the
present disclosure 1s applied, and a transmission output
torque T, 144 1s determined and output.

Referring now to FIGS. 5§ and 6, the method 200 may
turther include: at block 260, determining a differential ratio
R4 at block 270, determining an axle rotational inertia
I ,+7~; at block 280, determining an axle acceleration Ndo-
t,v;~; and, at blocks 146 and 290, determining an axle

output torque Ty, 148 as R, T o)+ xz z(NdoOt 57 2).
The steps of blocks 260, 270 and 280 may be performed as

part of block 146 or as one or more separate processes, such
as consulting one or more look-up tables for the diflerential
ratio R ;. and the axle rotational inertia 1,4, ..

The method 200 may additionally include: at blocks 136
(mentioned above) and 300, determining a desired coast

torque 1, yv7£ cossr 142; and, at blocks 150 and 310, deter-
mining a propulsion system torque 1 ,.;. gryxre 132 as

TAXL _TAAIE_COAST‘

The method 200 may also include: at blocks 134 (men-
tioned above) and 320, determining a desired total brake
torque 10747 sraxe reovesr 1405 and, at blocks 154 and
330, determining a commanded iriction brake torque

TFRICTION_BRAKE 156 as TTOTAL_BRAKE‘_REQUEST_
T 577 srare The method 200 may turther include, at

blocks 158 and 340, providing a signal for actuation of a
friction braking system 16, wherein the signal corresponds
to the commanded friction brake torque T pz;cvon BrAKE:

The control architecture 100 and method 200 as described
above are suited for transmission 12 and vehicle 90 opera-
tion during closed throttle downshifts, blended braking
regimes and other applications, including wherever an accu-
rate estimation of the transmission output torque T, -
and/or the axle output torque T ,.; ~ would be usetul.

The above description 1s mtended to be illustrative, and

not restrictive. While various specific embodiments have

10

15

20

25

30

35

40

45

50

55

60

65

12

been presented, those skilled 1n the art will recognize that the
disclosure can be practiced with various modifications
within the spirit and scope of the claims. For example, the
above-described embodiments (and/or aspects thereol) may
be used 1n combination with each other. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the disclosure without departing,
from 1ts scope. While the dimensions and types of materials
described herein are intended to be illustrative, they are by
no means limiting and are exemplary embodiments. Many
other embodiments will be apparent to those of skill 1n the
art upon reviewing the above description. Moreover, 1n the
following claims, use of the terms “first”, “second”, “top”,
“bottom™, etc. are used merely as labels, and are not
intended to 1mpose numerical or positional requirements on
their objects. Further, the limitations of the following claims
are not written 1n means-plus-function or step-plus-function
format and are not intended to be interpreted as such, unless
and until such claim limitations expressly use the phrase
“means for” or “step for” followed by a statement of
function void of further structure. As used herein, an element
or step recited 1n the singular and preceded by the word *““a”
or “an’” should be understood as not excluding plural of such
clements or steps, unless such exclusion 1s explicitly stated.
Furthermore, references to a particular embodiment or
example are not intended to be interpreted as excluding the
existence of additional embodiments or examples that also
incorporate the recited features. Moreover, unless explicitly
stated to the contrary, embodiments “comprising” or “hav-
ing”” an element or a plurality of elements having a particular
property may include additional such elements not having
that property.

The flowcharts and block diagrams 1n the drawings 1llus-
trate the architecture, functionality and/or operation of pos-
sible 1mplementations of systems, methods and computer
program products according to various embodiments of the
present disclosure. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment or
portion of code, which includes one or more executable
instructions for 1mplementing the specified logical
function(s). It will also be noted that each block of the block
diagrams and/or flowchart illustrations, and combinations of
blocks 1n the block diagrams and/or flowchart illustrations,
may be implemented by hardware-based systems that per-
form the specified functions or acts, or combinations of
hardware and computer instructions. These computer pro-
gram 1nstructions may also be stored in a computer-readable
medium that can direct a controller or other programmable
data processing apparatus to function 1n a particular manner,
such that the instructions stored in the computer-readable
medium produce an article of manufacture including mnstruc-
tions to implement the functions and/or actions specified in
the flowcharts and block diagrams.

This written description uses examples, including the best
mode, to enable those skilled in the art to make and use
devices, systems and compositions of matter, and to perform
methods, according to this disclosure. It 1s the following
claims, including equivalents, which define the scope of the
present disclosure.

What 1s claimed 1s:
1. A method of controlling a transmission during closed
throttle downshiits comprising:
determining a transmission kinematic state based on a
commanded transmission gear range, a transmission
input speed, and a transmaission output speed;
determining a transmaission input torque;
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determinming an axle output torque as a sum of the difler-
ential ratio multiplied by the transmission output torque
and the axle rotational mertia multiplied by the axle
acceleration.

6. A method according to claim 5, further comprising:

determining a desired coast torque; and

determining a propulsion system torque as a difference
between the axle output torque and the desired coast
torque.

10 7. A method according to claim 6, further comprising:

13

determining a first rotational acceleration of a first portion
of the transmission rotationally disposed at a first
reference point 1n the transmission;

determining a second rotational acceleration of a second
portion of the transmission rotationally disposed at a >
second reference point 1n the transmission; and

determining a transmission output torque as a sum of a
gear ratio of the commanded transmission gear range
multiplied by the transmission input torque, a first

aggregate inertia multiplied by the first rotational accel- determining a desired total brake torque; and

cration, and a second aggregate inertia multiplied by determining a commanded friction brake torque as a

the second rotational acceleration, wherein the first and difference between the desired total brake torque and
second aggregate nertias are based on the transmission thé propulsion system torque

kinematic state. _ _ _ 15 8. A method according to claim 7, further comprising;
2. A method according to claim 1, wherein the transmis- providing a signal for actuation of a friction braking

s1on kinematic state 1s one of a first gear state having a first system, wherein the signal corresponds to the com-
gear ratio, a second gear state having a second gear ratio manded friction brake torque.

lower than the first gear ratio, and an intermediate state 9. A method according to claim 8, wherein the method is
during which the transmission transitions from the first gear 20 configured for operation during blended braking.
state to the second gear state. 10. A method of determining a transmission output torque

3. A method according to claim 2, wherein: T 5.+ for a transmission, comprising:

the transmission 1s configured for use 1n a vehicle having
a powertlow including a series of powertlow members

determining a transmission kinematic state based on a
commanded transmission gear range, a transmission

comprising a torque converter turbine, a transmission 25 input speed N ., and a transmission output speed N 5 -
input shatt, a plurality of rotating transmission compo- wherein the transmission kinematic state 1s one of a
nents including at least one shifting clutch, a transmis- first gear state having a first gear ratio, a second gear
sion output shaft, a differential, at least one axle, at least state having a second gear ratio lower than the first gear
one driven wheel and, 11 the transmission 1s configured ratio, and an intermediate state during which the trans-
for longitudinal use in the vehicle, a drive shaft; 30 mission transitions from the first gear state to the
the powertlow defines a downstream direction from the second gear state;
transmission input shait to the transmission output determining a transmaission input torque 1,4
shaft and an upstream direction from the transmission determining a first acceleration Ndot, at a first reference
output shait to the transmission input shait; point in the transmission;
each of the powertlow members has a respective rota- 35  determining a second acceleration Ndot, at a second
tional inertia, a respective first conversion gear ratio reference point 1n the transmission; and
with respect to the first reference point, a respective determining the transmission output torque T, as
second conversion gear ratio with respect to the second A(T ,»)+B(Ndot, )+C(Ndot,), wherein A 1s a gear ratio
reference point, a respective first converted rotational of the commanded transmission gear range, and B and
inertia being the respective rotational 1nertia multiplied 40 C are aggregate inertias based on the transmission
by the respective first conversion gear ratio, and a kinematic state.
respective second converted rotational 1nertia being the 11. A method according to claim 10, wherein:
respective rotational inertia multiplied by the respec- the transmission 1s configured for use 1n a vehicle having
tive second conversion gear ratio; a powerflow including a series of powertlow members
in each of the first and second gear states, the first 45 comprising a torque converter turbine, a transmission
aggregate 1nertia 1s a sum of the respective first con- input shait, a plurality of rotating transmission compo-
verted rotational inertias of all of the powertrain mem- nents including at least one shifting clutch, a transmis-
bers when the second aggregate inertia 1s set to zero, sion output shaft, a differential, at least one axle, at least
and the second aggregate inertia 1s a sum ol the one driven wheel and, 1f the transmission 1s configured
respective second converted rotational mertias of all of 50 for longitudinal use in the vehicle, a drive shatt;
the powertrain members when the first aggregate inertia the powertlow defines a downstream direction from the
1s set to zero; and transmission input shaft to the transmission output
in the mtermediate gear state, the first aggregate 1nertia 1s shaft and an upstream direction from the transmission
a sum of the respective first converted rotational 1ner- output shaft to the transmission mput shafit;
tias of the powertrain members upstream of the at least 55  each of the powerflow members has a respective rota-
one shifting clutch, and the second aggregate inertia 1s tional 1nertia, a respective first conversion gear ratio
a sum ol the respective second converted rotational with respect to the first reference point, a respective
inertias of the powertrain members downstream of the second conversion gear ratio with respect to the second
at least one shifting clutch. reference point, a respective first converted rotational
4. A method according to claim 1, wherein the first so inertia being the respective rotational 1nertia multiplied

by the respective first conversion gear ratio, and a
respective second converted rotational inertia being the
respective rotational inertia multiplied by the respec-
tive second conversion gear ratio;

in each of the first and second gear states, B 1s a sum of
the respective first converted rotational 1nertias of all of
the powertrain members when C=0, and C 1s a sum of

reference point 1s one of a torque converter turbine and a
transmission 1nput shaft, and the second reference point 1s a
transmission output shatft.

5. A method according to claim 1, further comprising:
determining a differential ratio; 65
determining an axle rotational inertia;
determining an axle acceleration; and
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the respective second converted rotational 1nertias of all
of the powertrain members when B=0; and

in the intermediate gear state, B 1s a sum of the respective

first converted rotational inertias of the powertrain
members upstream of the at least one shifting clutch,
and C 1s a sum of the respective second converted
rotational inertias of the powertrain members down-
stream of the at least one shifting clutch.

12. A method according to claim 10, wherein the first
reference point 1s one of a torque converter turbine and a
transmission 1mput shaft, and the second reference point 1s a
transmission output shatft.

13. A method according to claim 12, further comprising:
determining a differential ratio R,
determining an axle rotational inertia I, ; -
determining an axle acceleration Ndot, ,-; and
determining an axle output torque T ;2 as R ;AT 57+

Lixz e(Ndot ;57 £).

14. A method according to claim 13, wherein the method
1s configured for operation during closed throttle downshifts,
turther comprising:

determining a desired coast torque T 17~ cosor

determining a propulsion system torque T ,y; z sraxz @S

TAJYIE_TAXLE COAST;

determining a  deswred  total  brake  torque

TTOTAL_BRAKE_REQUEST;
determining a commanded {iriction brake torque

L

~FRICTION _BRAKE as TTOTAL_BRAKE_REQUEST

r—

Loae pragg and . . ]
providing a signal for actuation of a friction braking

system, wherein the signal corresponds to the com-
manded friction brake torque T - ;~7ron BrR4xE

15. A method of determining a transmission output torque

T . for a transmission, comprising:

determining a transmission kinematic state based on a
commanded transmission gear range, a transmission
mput speed NIN, and a transmission output speed
N, Wherein the transmission kinematic state 1s one
of a first gear state having a {irst gear ratio, a second
gear state having a second gear ratio lower than the first
gear ratio, and an intermediate state during which the
transmission transitions from the first gear state to the
second gear state;

determining a transmission input torque T,

determining a first acceleration Ndot, at a first reference
point in the transmission;

determining a second acceleration Ndot, at a second
reference point in the transmission different from the
first reference point;

determining a third acceleration Ndot, at a third reference
point in the transmission diflerent from each of the first
and second reference points; and

determining the transmission output torque T, as
A(T »)+B(Ndot, )+C(Ndot, )+D(INdot, ), wherein A 1s a
gear ratio of the commanded transmission gear range
and B, C and D are aggregate inertias based on the
transmission kinematic state.
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16. A method according to claim 15, wherein:

the transmission 1s configured for use 1n a vehicle having
a powertlow including a series of powertlow members
comprising a torque converter turbine, a transmission
input shait, a plurality of rotating transmission compo-
nents including at least one shifting clutch, a transmis-
sion output shaft, a differential, at least one axle, at least
one driven wheel and, 1f the transmission 1s configured
for longitudinal use 1n the vehicle, a drive shatt;

the powertlow defines a downstream direction from the
transmission input shaft to the transmission output
shaft and an upstream direction from the transmission
output shait to the transmission mput shait;

cach of the powerflow members has a respective rota-
tional inertia, a respective first conversion gear ratio
with respect to the first reference point, a respective
second conversion gear ratio with respect to the second
reference point, a respective third conversion gear ratio
with respect to the third reference point, a respective
first converted rotational inertia being the respective
rotational 1mertia multiplied by the respective first con-
version gear ratio, a respective second converted rota-
tional 1nertia being the respective rotational inertia
multiplied by the respective second conversion gear
ratio, and a respective third converted rotational inertia
being the respective rotational mnertia multiplied by the
respective third conversion gear ratio;

in the intermediate gear state, B 1s a sum of the respective
first converted rotational inertias of the powertrain
members upstream of the at least one shifting clutch, C
1s a sum of the respective second converted rotational
inertias of the powertrain members downstream of the
at least one shifting clutch, and D=0; and

in each of the first and second gear states, D 1s a sum of
the respective third converted rotational inertias of all
of the powertrain members, and B=0 and C=0.

17. A method according to claim 16, further comprising;:

determining a differential ratio R ;,

determining an axle rotational mertia I ., .;

determining an axle acceleration Ndot ., ~; and

determining an axle output torque T ;- as R, (T 57+
Lixze(Ndot ;17 £).

18. A method according to claim 17, further comprising:

determining a desired coast torque T ,+; » ~o4c7

determining a propulsion system torque T,z sraxs @S

I el ixie coasr

determining a  desired total brake @ torque

TT OE‘H%_BRAKE_REQUEST ; o
determiming a commanded friction brake torque

1

~FRICTION_BRAKE as TTOTAL_BRAKE_REQUEST’

-

Loxie praxe: and . » .
providing a signal for actuation ol a friction braking

system, wherein the signal corresponds to the com-
manded friction brake torque Tzz;cm0n srRAKE-
19. A method according to claim 15, wherein the method

1s configured for operation during closed throttle downshiits.

G o e = x
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